The evolution of proteins with novel function is thought to start from precursor proteins that are conformationally heterogeneous. The corresponding genes may be duplicated and then mutated to select and optimize a specific conformation. However, testing this idea has been difficult because of the challenge of quantifying protein flexibility and conformational heterogeneity as a function of evolution. Here, we report the characterization of protein heterogeneity and dynamics as a function of evolution for the antifluorescein antibody 4-4-20. Using nonlinear laser spectroscopy, surface plasmon resonance, and molecular dynamics simulations, we demonstrate that evolution localized the Ab-combining site from a heterogeneous ensemble of conformations to a single conformation by introducing mutations that act cooperatively and over significant distances to rigidify the protein. This study demonstrates how protein dynamics may be tailored by evolution and has important implications for our understanding of how novel protein functions are evolved.
The evolution of proteins with novel function is thought to start from precursor proteins that are conformationally heterogeneous. The corresponding genes may be duplicated and then mutated to select and optimize a specific conformation. However, testing this idea has been difficult because of the challenge of quantifying protein flexibility and conformational heterogeneity as a function of evolution. Here, we report the characterization of protein heterogeneity and dynamics as a function of evolution for the antifluorescein antibody 4-4-20. Using nonlinear laser spectroscopy, surface plasmon resonance, and molecular dynamics simulations, we demonstrate that evolution localized the Ab-combining site from a heterogeneous ensemble of conformations to a single conformation by introducing mutations that act cooperatively and over significant distances to rigidify the protein. This study demonstrates how protein dynamics may be tailored by evolution and has important implications for our understanding of how novel protein functions are evolved.
flexibility ͉ nonlinear spectroscopy ͉ fluorscein ͉ molecular recognition M odern theories of protein evolution suggest that the most efficient pathway to evolve proteins with new function starts with precursor proteins that are flexible or conformationally heterogeneous (1-3). The precursor proteins are able to adopt multiple conformations, in addition to the one that is optimal for their primary function. If a rare conformation is suitable for a different and beneficial activity, there is an immediate selective advantage to duplication of the corresponding gene, which may then acquire mutations that stabilize and optimize the rare conformation.
The paradigm of these theories is the immune system, wherein mature Abs specific for virtually any foreign molecule are rapidly evolved from a limited set of precursor (or ''germ-line'') Abs. To accomplish this feat of molecular recognition, it has been suggested that the repertoire of germ-line Abs may have been selected to be flexible and͞or conformationally heterogeneous to ensure recognition of the broadest range of target molecules (4) (5) (6) (7) (8) (9) . Although these flexible, polyspecific germ-line Abs are also expected to recognize self molecules (10), they are not present at concentrations sufficient to cause autoimmunity (11) . Abs specific for a foreign molecule may then be evolved when a rapid change in concentration or presentation of the foreign molecule triggers a mutagenic proliferation of the germ-line Ab (12, 13) . During this process, known as somatic evolution, mutations may be selected that simultaneously increase affinity and selectivity if they act, at least in part, to restrict the Ab to a conformation that is appropriate for recognition of the foreign molecule (8, 10, 11, (14) (15) (16) (17) (18) (19) (20) (21) . The resulting Abs are specific for their foreign targets and thus may be produced at increased levels without risk of self-recognition and autoimmunity. Thus, conformational restriction might underlie the evolution of mature Abs from germ-line Abs. Although this mechanism of Ab evolution has been widely cited, there is virtually no direct experimental evidence that flexibility or conformational heterogeneity of an Ab, or any other protein, may be optimized during evolution.
To test the hypothesis that evolution restricts Ab flexibility and͞or conformational heterogeneity, the specific mutations introduced during evolution must be determined. Germ-line Abs are assembled from a set of known genomic fragments, which may be determined by comparing the 5Ј UTR of candidate genomic fragments with that of the rearranged genes (17) . Mutations identified by comparing these sequences are typically found throughout the Ab-combining site, which is formed from the six loops or complementarity-determining regions (CDRs) that connect the strands of the ␤-sheet framework (Fig. 1) . Three CDRs are provided by the variable region of a light-chain polypeptide (V L CDR1-3) and three by the variable region of a heavy-chain polypeptide (V H CDR1-3). Particularly elegant studies by Wedemayer et al. (8) and Patten et al. (17) showed that somatic mutations throughout the Ab-combining site may preorganize the CDRs for binding. In addition, thermodynamic studies have shown that germ-line Abs may bind their targets with a more negative entropy, relative to mature Abs (22, 23) . Although these results are consistent with the model that affinity maturation transforms flexible receptors into more rigid receptors, the studies did not actually measure flexibility or conformational heterogeneity.
To characterize the relationship between evolution, flexibility, and conformational heterogeneity, a quantitative measure of flexibility and heterogeneity is required. Generally, conformational heterogeneity may be described according to Frauenfelder's model of a hierarchical energy landscape wherein proteins exist in different conformations, with each conformation consisting of a large number of conformational substates (CSs) (24) . Protein flexibility results from fluctuations between CSs that occur on the ps to ns time scale, and conformational heterogeneity results from transitions between different conformations that occur on longer time scales (25, 26) . One approach to experimentally characterizing protein flexibility is based on measuring how a protein relaxes after displacement from equilibrium by a photoinduced change in the charge distribution of a bound chromophore (27) (28) (29) (30) . The induced motions are manifest as discrete peaks in the Ab spectral density, Ab (), which is the frequency domain representation of the ensembleaveraged time-correlation function of the electronic transition energy gap, M(t) (31) . Ab () thus describes the amplitude of protein motions as a function of their frequency and thus may be used to characterize flexibility. Flexible proteins exhibit lowfrequency amplitude, whereas more rigid proteins exhibit increased high-frequency amplitude (29) . Ab () may be deter-mined from three-pulse photon echo peak shift (3PEPS) experiments (27) or dynamic Stokes-shift (DSS) experiments (32, 33) . Importantly, 3PEPS also provides a direct means to characterize conformational heterogeneity, as the asymptotic 3PEPS signals provide a quantitative measure of inhomogeneous broadening, which corresponds to the magnitude of the structural heterogeneity of the chromophore's environment (27, 31) .
We reported (30) that Ab 4-4-20 evolved to bind fluorescein (Fl) through the introduction of two V L mutations that are located in CDR1 and an adjacent ␤-strand, and 10 V H mutations that are dispersed throughout the heavy-chain variable region ( Fig. 1 and Fig. 5 , which is published as supporting information on the PNAS web site). We prepared the chimeric Ab consisting of the germ-line light chain and mature heavy chain (V L gl V H 4-4-20 ) and used surface plasmon resonance and 3PEPS to demonstrate that the two V L mutations increase affinity and shift Ab () to higher frequency (30) . We now report production and characterization of the full germ-line Ab (V L gl V H gl ) and all of the heavy-chain single-point mutants. Using surface plasmon resonance, 3PEPS, and DSS, we show that the 10 V H mutations introduced during Ab evolution significantly rigidify the combining site and restrict it to a single, well defined conformation. (Table 1;  V L gl V H P17S and V L gl V H R38C were not characterized because of poor expression). We observed that the dissociation constant, K D , the dissociation rate constant, k off , and the association rate constant, k on , of Fl all strongly depend on the maturation state of the V L . In the context of the germ-line V L , all but one of the V H mutants bound Fl more tightly with the mature residue, as expected, because somatic mutations are only selected if they increase affinity. On average, the introduction of the mature residue increased the K D by 4.2-fold. However, in the context of the mature V L , only 3 of the 10 V H mutants bound Fl more tightly with the mature residue, and by an average of only 2.2-fold, whereas 7 of the 10 V H mutants bound Fl more tightly with the corresponding germ-line residue, by an average of 3.2-fold. The V H mutations also had consistent effects on k on and k off in the context of a germ-line, but not a mature, V L . The data demonstrate that at least the majority of the V H mutations must have been selected before the V L mutations, because they only increase affinity for Fl in the context of a germ-line V L . Thus, V L gl V H 4-4-20 may be assumed to represent an evolutionary intermediate on the pathway that evolved the germ-line into the mature Ab. It is interesting to note that some of the most significant changes in binding kinetics and thermodynamics resulted from mutations at the residues that are most distant from Fl. This finding is consistent with the hypothesis that these mutations act indirectly, by altering protein structure or dynamics. Moreover, the effects of each mutation are clearly nonadditive, suggesting that the mutations act cooperatively to increase affinity for Fl.
To examine the contribution of the heavy-chain mutations to the evolution of Ab dynamics, we characterized V L gl V H gl by using 3PEPS and DSS spectroscopy. We also reproduced the results of previous 3PEPS studies (30) 2a) . The presence of the static inhomogeneity demonstrates that the germ-line Ab populates a broad distribution of different combining-site conformations that do not interconvert on the time scale of the experiment (0.3 ns). Conversely, the absence of static inhomogeneity in the mature Ab suggests that it binds Fl in a relatively well defined conformation.
The conclusion that evolution restricted the conformational heterogeneity of the Ab is supported by fluorescence lifetime measurements (Fig. 3) . Only V L gl V H gl shows a broad lifetime distribution with multiple maxima, further demonstrating that Fl is bound to a distribution of distinct combining-site conformations that do not interconvert on the fluorescence time scale (ns). The lifetime distribution narrows for V L gl V H 4-4-20 and exhibits only a single peak for V L 4-4-20 V H 4-4-20 , suggesting that when bound to the mature Ab, Fl experiences a single, well ordered binding site. In all, the 3PEPS and fluorescence lifetime experiments provide convincing evidence that evolution, especially of the heavy chain, acts to reduce the structural heterogeneity of the combining site by localizing it to a single conformation.
Interestingly, the 3PEPS and DSS signals also reveal a correlation between conformational heterogeneity and the amplitude of low-frequency protein motion. This correlation is apparent from a comparison of the Ab (), which we calculated from combining the 3PEPS and DSS data (Fig. 1) shows that V L evolution further reduced both the ns and ps time-scale motions, resulting in a mature Ab that responds to Fl excitation with almost exclusively high-frequency motion. The correlation between conformational heterogeneity and low-frequency protein motion suggests that evolution localized the combining to a single conformation by significantly restricting protein motions.
The conclusion that evolution restricted the heterogeneity of the Ab-combining site by significantly restricting protein motions is further supported by molecular dynamics (MD) simulations. Starting from the crystal structure of V L 4-4-20 V H 4-4-20 (34) or a computational model of V L gl V H gl , we ran 10-ns trajectories and calculated rmsd values, which reflect the mean displacement of atoms about the average structure (Fig. 4) . We observed a significant decrease in the rmsd values for residues throughout the V L 4-4-20 V H 4-4-20 combining site, relative to the V L gl V H gl combining site. The changes were most pronounced in V L CDR1 and V H CDR3, which suggests that the mutations introduced during evolution rigidify the combining site by restricting the motion of the CDR loops.
We also used the trajectories to calculate the contributions of individual residue motions to Ab (). We found that in both the germ-line and mature Abs virtually all of the residues in the combining site contribute to Ab (), at least moderately, and no single residue contributes Ͼ15% of the total amplitude (Table 3 , which is published as supporting information on the PNAS web site). When comparing the motions of different residues within a given combining site, similar time scales were observed, suggesting that the motions are correlated. However, for a given residue, the time scales are significantly shorter in the mature Abs, whereas the contribution to the total amplitude of Ab () remains nearly constant (Table 3) . Thus, the MD simulations suggest that the Ab () reflect collective motions of the entire combining site and that the shift of Ab () to higher frequency results from reduced CDR loop motion.
To more quantitatively interpret the evolution-induced rigidification and place it in the context of other proteins, we defined an average harmonic force constant of the combining site, ͗k͘ ϭ ͗m͘⅐͗ 2 ͘, where ͗m͘ is an average mass, and ͗ 2 ͘ may be obtained from the normalized second moment of Ab ()
͗ 2 ͘ does not depend on the absolute value of Ab (), which allows the use of the Ab () obtained from 3PEPS and DSS, even if they are not in units of rmsd (see Supporting Text, which is published as supporting information on the PNAS web site). Because the experimentally observed energy gap fluctuations are caused by side-chain and backbone atom fluctuations associated with collective protein motions, we assume a lower limit for ͗m͘ of 100 g͞mol (the approximate mass of a single residue). Correspondingly, ͗k͘ values of 1 ϫ 10 Ϫ3 N͞m, 5 ϫ 10 Ϫ3 N͞m, and 0.4 N͞m are obtained for the germ-line, intermediate, and mature proteins, respectively. Although the force constants are only approximate, they are likely to accurately reflect the relative changes induced by evolution, because the MD simulations predict similar reduced masses for the motion observed in each Ab (Table 3) . Thus, we conclude that the Ab-Fl complex was systematically rigidified during evolution, ultimately increasing its rigidity Ϸ400-fold. Interestingly, the average force constant for the mature Ab is similar to the force constant of diffusive motions in myoglobin (0.3 N͞m) measured in temperaturedependent neutron-scattering experiments (26) , suggesting that the level of rigidity selected during Ab evolution is similar to that selected in other functional proteins.
A physical basis for the cooperative rigidification induced by the V H mutations is apparent from a comparison of the structure of the mature Ab (34) with the computational structure of the germ-line Ab. Five of the V H mutants are located in a proximal cluster that is Ϸ10 Å from the combining site, whereas the remaining five are located in a cluster that is Ͼ20 Å removed from the combining site ( Fig. 1 and Fig. 6 , which is published as supporting information on the PNAS web site). Overall, the V H mutations appear to rigidify the protein by introducing two clusters of mutually dependent interactions that act to cross-link ␤-strands and CDR loops of the combining site.
The experimental and simulation data may be combined to generate a picture of how evolution tailored the energy landscape of the Ab-Fl complex to restrict its conformational heterogeneity (Fig. 1) . The immune system first responded to Fl with a germ-line Ab that populates different and relatively flexible conformations. V H mutations were then selected that introduced H-bonding and packing interactions that cross-link the loops and ␤-strands that form and support the combining site, respectively. This process resulted in a significant rigidification of the combining site, which increased the barrier to interconversion with other conformations. Finally, the two V L mutations, H L 34R and L L 46V, introduced and optimized an H bond between the protein and Fl (30) . Thus, during evolution an appropriate combining site was first selected from an ensemble of conformations populated by the flexible germ-line receptor and then the selected combining site was further optimized for recognition of the target molecule. A similar mechanism may also contribute to the evolution of other proteins, where mutations are suggested to have converted flexible, polyspecific, or functionally ''promiscuous'' proteins into more rigid and specific proteins (2, 35, 36) .
Materials and Methods
All Abs were expressed as Fab fragments (29, 30, 37) . After isolation from the cell lysates by protein G affinity chromatography, Ab Fab fragments were further purified by cation ex- change chromatography (Mono S; Amersham Pharmacia, Piscataway, NJ).
The dissociation constant K D , the dissociation rate constant k off , and the association rate constant k on of the Ab-Fl complexes were determined by using surface plasmon resonance on a Biacore 3000 biosensor (Biacore, Uppsala, Sweden) following published methods (38) . Briefly, BSA was conjugated with Fl and immobilized on a research-grade CM5 sensor chip. K D was measured under equilibrium conditions, and k off was measured under kinetic conditions. The association rate constant was calculated as k on ϭ k off ͞K D .
The experimental setup for 3PEPS experiments has been described (28) . In brief, samples were excited at 498-510 nm with 50 fs, 5-to 10-nJ pulses at 5-kHz repetition rate. Samples typically contained 100 M Ab and 80 M Fl in 10 mM Tris⅐HCl, pH 7.5. A spinning cell with a path length of 0.25 mm was used and maintained at 22 Ϯ 1°C. 3PEPS signals in two phasematching directions were detected with large-area avalanche photodiodes (Advanced Photonics, Irvine, CA).
Fluorescence kinetics were measured by a time-correlated single photon counting (TCSPC) setup as described (39) . In brief, samples were excited at 464 or 488 nm with 0.3-nJ pulses at an 83-MHz repetition rate polarized at a magic angle with respect to a Glan-Thomson polarizer in the emission path. The instrument response function measured with scattered excitation light was typically 30 ps. Samples contained 100-700 M Ab and Ϸ30 M Fl in 10 mM Tris⅐HCl, pH 7.5 and were purged with Ar for 30 min before the experiment. Samples were stirred continuously in a 1-mm quartz cuvette. A 505DRLP dichroic filter (Omega, Brattleboro, VT) was used to block scattered excitation light. Fluorescence was detected by an R3809U-50 MCP (Hamamatsu, Middlesex, NJ) and an SPC-630 TCSPC module (Becker & Hickl, Berlin, Germany) through a 270M dual-port monochromator (Spex, Edison, NJ).
DSS data were obtained from fluorescence decays at 24 wavelengths with 50-cm Ϫ1 spacing. The data sets were fit to the convolution of the instrument response function with a model function composed of a sum of exponentials, a baseline, and a time offset. The time-dependent fluorescence spectra were reconstructed by normalizing the integrated intensity from the deconvoluted kinetics probed at each wavelength to the steadystate fluorescence spectrum. These reconstructed spectra were then fit to log-normal functions to determine the spectral maximum, eg (t) (40) . Because of low affinity, V L gl V H gl samples contained Ϸ8% of unbound Fl. To correct for signal from unbound Fl, we deconvoluted the time-dependent fluorescence spectra for each delay time into three Gaussian bands, one for the unbound dye, one for the bound dye, and one for the vibronic band on the red side of the spectrum (see Fig. 7 , which is published as supporting information on the PNAS web site). The spectral position of the Gaussian that accounted for the free dye did not change after an initial fast decay (as observed for Fl in buffer). The Gaussians that accounted for the protein-bound dye and the vibronic band red-shifted with increasing delay time.
Fluorescence lifetime distributions were determined from magic angle fluorescence decays with the program MEMexp 3.0 developed by Peter Steinbach, National Institutes of Health, Bethesda, MD (41) . To account for unbound dye in the V L gl V H gl sample, a monoexponential decay with the lifetime of the unbound dye (4.7 ns) was convoluted with the instrument response function and subtracted from the experimental fluorescence decay of V L gl V H gl before calculating the fluorescence lifetime distribution.
The 3PEPS decays were used to determine the high-frequency part (Ͼ0.5 cm Ϫ1 corresponding to protein dynamics faster than 100 ps) of Ab (), and the static inhomogeneity, ⌬ in , as described (29, 30) . Briefly, the experimental 3PEPS decay was fit by a model spectral density by using Mukamel's response function formalism (31) . The total spectral density, (), is the sum of both the intramolecular vibrations of the chromophore, Fl was used to represent the inertial sub-ps protein dynamics, where BO is the reorganization energy (corresponding to the amplitude of motion), BO is the frequency, and ⌫ BO is the damping constant of the Brownian oscillator (31) . Because amplitude BO , frequency BO , and damping constant ⌫ BO of the fastest motion, corresponding to the Ϸ100-cm Ϫ1 peak in Ab (), could not be fit unambiguously, we assumed that BO and BO were identical in each Ab, and only the damping constant ⌫ BO was varied. This approximation does not affect the conclusion that the observed changes in Ab () reflect Ab rigidification (30) . In addition, because of the rather different time scales (separated by at least one order of magnitude), the parameters used to fit the ps and ns dynamics were independent of the specific model for the sub-ps dynamics.
A sum of Lorentzian terms according to overdamped Brownian oscillators was used to represent the ps dynamics
where K,i and K,i are the reorganization energy and time constant of the i th mode, respectively. Signals for the various time-resolved experiments such as 3PEPS and DSS and the steady-state absorption and emission spectra may be calculated from the line-broadening function g(t) by using standard procedures (31) . g(t) may be calculated from () by using the expression
[3]
The parameters in Ab () and the amount of static inhomogeneity (⌬ in ) in g(t) were varied to obtain the best fit for the experimental data by using fit programs based on the program suite developed by Delmar Larsen, University of California, Davis. Fit results are listed in Table 3 . The low-frequency part of Ab () (Ͻ0.5 cm Ϫ1 corresponding to protein dynamics slower than 100 ps) is constructed by combining the results of 3PEPS and DSS experiments. We found ns kinetics in the DSS experiments (Table 3) , but the conversion from DSS amplitudes into reorganization energies is not straightforward (31) . Because the static inhomogeneity, in , determined with 3PEPS gives an upper limit for the reorganization energy of low-frequency motion, we modeled the lowfrequency part of Ab () by using a Lorentzian (Eq. 2) with an amplitude of in and a time constant determined from the DSS experiment. This approach was expected to accurately reproduce the frequency shifts and at least qualitatively reflect the relative amplitude changes for each Ab. Table 2 lists the parameters used to fit the 3PEPS and DSS data, and the resulting Ab () are shown in Fig. 1 . It is interesting to note that while the amplitudes of the ps and ns dynamics ( K , DSS ) significantly vary between the three Abs, the corresponding time constants appear to be rather similar (3-5 ps and Ϸ3.5 ns), suggesting that the effective masses of protein motions do not change significantly. At the same time, the amplitudes of the sub-ps motions are less affected by evolution, consistent with their interpretation as side-chain and small-scale motions inherent to any protein. The steady-state spectra for each Ab complex are shown in Fig. 8 , which is published as supporting information on the PNAS web site, and the data are listed in Table 4 , which is published as supporting information on the PNAS web site.
The computational model of the germ-line Ab-Fl complex was produced from the crystal structure of the Ab-Fl complex (Protein Data Bank ID code 1FLR; ref. 34) by changing the 12 somatic mutations by using the MMTSB tool set (42) and subjecting the structure to 1,000 steps of energy minimization by using the steepest-descent algorithm. This process was followed by another 300 minimization steps during which no coordinates were constrained. Using these structures, classical MD simulations using CHARMM (43) were performed in the canonical (NVT) ensemble at 298 K using 2-fs time steps in the velocity Verlet scheme (44) and constraining all bond distances between hydrogen and heavy atoms with the SHAKE algorithm (45) . To reduce computation time, we removed the constant domains of the Fab fragment and used harmonic constraints of 1 kcal͞mol per Å 2 to the regions further than 17 Å away from Fl to prevent unraveling of the variable domain. This system was solvated with a 21-Å sphere of TPI3 water (46) centered at Fl. Coordinates of Ab and Fl were held fixed for an equilibration period of 200 ps. MD trajectories of 10 ns were propagated, and vertical electronic transition energies were calculated by using snapshots of the trajectory by replacing the ground-state charge distribution of the chromophore with the excited-state charge distribution. Fit parameters used to fit 3PEPS and DSS data. For definition of parameters see Eqs. 1 and 2. *Static inhomogeneity, in ϭ ⌬ in 2 ͞2kBT. † The DSS data were fit to a monoexponential decay: l(t) ϭ DSS⅐exp(t͞DSS).
